Scanning electron microscope (SEM), transmission electron microscope (TEM) and X-ray diffraction (XRD) were employed to study the phase in a directionally solidified experimental nickel base alloy. It was observed that the phase distribute at interdendritic area and precipitate mainly from the 0 phase in this experimental alloy. Orientation relationship between the 0 and the phase was found as ð111Þ 0 k ð0001Þ and h " 1 110i 0 k h11 " 2 20i . Detrimental effect of the phase on oxidation resistance of the alloys was also found.
Introduction
The phase is a topologically-closed-packed (TCP) phase in nickel base alloys. With a hexagonal system, the phase belongs to a D 5 3d À R3m space group and has the rhombohedral lattice with a ¼ 0:476 nm and c ¼ 2:56 nm. [1] [2] [3] [4] [5] The presence of the phase in some nickel base alloys is unavoidable due to the high concentration of tungsten and molybdenum. Generally, when the content of tungsten and molybdenum is more than 3.5 (mol%), the phase will be the main TCP phase instead of the phase. 6) The phase can be expressed as B 7 A 6 , in which B are of Group VIII-base elements, and A of Group VB and Group VIB elements. It has a wide compositional range, where the constituent of B varies from 42 to 56 (mol%). 7) According to the precipitation behavior, the phase can be classified into two types: primary precipitate and secondary precipitate. Primary phase forms during solidification, and secondary phase precipitates during aging heat treatment or in service in temperature, ranging from 800 to 1140 C. 8) The phase observed in nickel base alloys generally precipitates secondarily. Precipitation behavior of secondary phase will be discussed in this study.
The presence of phase has been found to be detrimental to properties of alloys such as rupture strength, tensile ductility at room temperature, impact toughness and corrosion resistance. 9, 10) In general, precipitation of the phase is mostly unfavorable while in service, although Simonetti and Carbon 11) reported that moderate amount of needle-like phase did not affect the tensile properties and the impact strength at room temperature.
The properties may be affected by precipitation of the phase via several mechanisms. First, because of the intrinsic brittleness of the phase, it acts as a barrier to moving dislocations at the interface, which leads to interfacial decohesion and crack initiation. Second, many refractory elements, acting as important solid-solution strengtheners in nickel base alloys, are scavenged from the matrix and concentrated in the phase.
The phase is difficult to be dissolved by solution heat treatment once precipitated. Therefore, it is important to predict the precipitation tendency of the phase in some nickel base alloys containing high constituents of tungsten and molybdenum. There are many methods to predict the precipitation tendency, such as PHACOMP and d-electrons alloy design theory etc. [12] [13] [14] Unfortunately, these methods are not accuracy to some alloys, because the precipitation behavior of the phase is not clear. This paper is therefore aimed at understanding it.
Experimental Procedure
The nominal chemical composition (mass%) of the experimental nickel base alloy mainly consists of 16Cr, 8W, 1.5Mo, 5Al, Nb + Co < 5% and Ni bal. The alloy was directionally solidified by a high rate solidification (HRS) process in an industrial vacuum induction-heating furnace. The withdrawal rate was 7 mm/min. Thermal gradient was approximately 50 C/cm at the solidifying interface. Ceramic mold was pre-heated by a two-zone heater. The temperature of 1500 C and 1550 C was achieved at upper and lower part of the pre-heat furnace, respectively. The size of cylindrical specimen was 16 mm Â 170 mm.
The specimens were isothermally aged at 900 C for 500 hours without solution heat treatment. All of specimens were mechanically polished and then etched electrochemically (2 V d.c. and 0.2 A) by using an etchant of 21 ml H 3 PO 4 + 17 ml H 2 SO 4 + 12 ml H 2 O. As a result, the matrix showed black in optical microscope or SEM, while the 0 and the phase white and bright.
Cross-section and oblique section (tilted about 35 from the columnar growth direction) of the specimens were observed by using a JSM-6301 SEM. Phases in as-cast and aged specimens were identified by using a Tecnai G 2 20 TEM and a D/max-2500pc XRD.
Specimens with approximate dimension of 10 mm Â 10 mm Â 3 mm were cut from the same position of the sheet castings by using a wire guided electro discharge machining. Surface of the specimens were ground and degreased in acetone. The specimens were ultrasonically cleaned in alcohol before the isothermal oxidation test was carried out at 1050 C for 100 hours in dry still air.
Results and Discussion

Precipitation of the phase
Phase transformation, such as precipitation of unfavorable TCP phase, decomposition and precipitation of carbides and coarsening of the 0 phase will take place during aging heat treatment or in service. Phases in as-cast and aged specimens were identified by XRD and compared in Fig. 1 . The as-cast specimens exhibited two strong peaks. The strongest one corresponds to (002) of the 0 phase and the matrix that has almost the same crystal structure. Another peak was the superstructure line of the 0 phase. Besides these peaks, there existed many other peaks in the aged specimen. By comparing the data provided by Lu, 15) it was confirmed that other phases were the phase, M 6 C and M 23 C 6 .
Primary phase was not observed in the microstructure of as-cast specimens. A large amount of the phase precipitated in the aged specimens (Fig. 2) . The bright field image and the diffraction pattern of the phase obtained by TEM are given in Fig. 3 . One can see that the phase embedded in a large 0 particle, and fault existed on its surface which had also been observed by Yagisawa et al., 17) but the mechanism was unknown. Since, the specimens were not applied to any stress, it is difficult to understand where the fault comes from. One possibility is that the fault may be induced by phase transformation stress due to non uniform distribution of the phase, which also caused in rafting structure. 18) 
Distribution of the phase
The phase distributed heterogeneously and concentrated at interdendritic area (Fig. 2) . This was explained as a result of microsegregation. 19) Molybdenum and tungsten, the major constituents of the phase, show different segregation behavior. Molybdenum is a positive segregation element, and tungsten negative. 20) Therefore molybdenum is concentrated at interdendritic area, and tungsten at dendrite core. Therefore, Cai and Zheng 19) concluded that molybdenum has higher tendency to form the phase than tungsten. However, the content of molybdenum is low in this experimental alloy.
Generally, formation of the phase needs two stages: nucleation and growth. Nucleation is almost always heterogeneous. Nucleation on the particle surface results in the decrease of free energy. If the crystal structures are similar, surface energy can be further decreased during nucleation. Sims et al. 21) pointed out that the phase had almost the same crystal structure and composition as M 6 C. Therefore, in order to nucleate effectively, M 6 C fine particle may act as nucleation site of the phase. As shown in Fig. 4 , M 6 C particles were identified by the bright contrast. They have clearly provided nucleation site for the phase.
Carbon, as a strong positive segregation element, distributes mainly at interdendritic area. Accordingly, carbide particles, including M 6 C, distribute here. The phase then nucleated on M 6 C particles. This was also reported by Sims et al. 21) Consequently, the phase distributed heterogeneously due to the microsegregation of carbon, molybdenum and tungsten.
Co-growth with M 6 C
After the nucleation of the phase, it will grow. The driving force is the decrease of the free energy. However, M 6 C particles were also growing at the same time. This was confirmed by the XRD results (Fig. 1) . Consequently, if there existed enough carbon, M 6 C would grow around their nucleation core; If the local concentration of carbon was low and it was difficult for carbon to diffuse for such a long distance, the phase grew. As a result, M 6 C and phase grew together to form the figures feature in Figs. 4 and 5. Phase in a Nickel Base Directionally Solidified Alloy
Precipitation site
Simonetti and Caron 11) have pointed out that the phase particles precipitated from the matrix which was in turn depleted in elements such as tungsten, molybdenum, chromium and which transformed into the 0 phase. This led to a microstructure where the phase particles were surrounded by the 0 phase. However, it is not true here. As shown in Fig. 5 , there clearly existed phase boundary between the phase and the matrix, with lack of the so-called the 0 phase film around the phase. Although some phase particles were surrounded by the 0 particles, these 0 particles cannot precipitate secondarily when considering their size and morphology.
The shape of the 0 phase was cubic with a mean size of 0.3 mm at interdendritic area (Fig. 6) . The volume fraction of the 0 phase was very high in this alloy. Therefore, it is hard to believed that all of the phase precipitated from the matrix simply because the concentration of the phase forming elements in the matrix is not high enough. We assume that the phase may precipitate mainly from the 0 phase in such alloys containing high volume fraction of the 0 phase.
Since molybdenum and chromium have some solubility in the 0 phase and tungsten has higher solubility in the 0 phase than that in the matrix, 22) the phase forming elements may also be provided by the 0 phase in our experimental alloy.
It is generally believed that the matrix has higher solubility than the 0 phase. Then, the matrix has higher concentration gradient. However, the driving force for diffusion is determined by chemical potential gradient rather than concentration gradient. The chemical potential gradient of the matrix should not be greater than that of the 0 phase. In addition, Duval 23) et al. found out that the decrease of tungsten and molybdenum content in the matrix was not detected after the precipitation of the phase. The low volume fraction of the phase formed could explain this observation if one accepted that the phase precipitated from the matrix. However, the result could also be explained if the phase precipitated from the 0 phase. Zheng 24) pointed out that niobium increased the precipitation tendency of the phase. Niobium is almost fully soluble in the 0 phase. 8, 25) Therefore, when niobium existed in alloys, the chemical potential gradient of the phase forming elements increased. This resulted in the increase of the phase precipitation tendency. This can also prove that the phase should precipitate mainly from the 0 phase. Figure 8 clearly illustrates the precipitation sequence of the phase. The 0 particles gather and coarsen around the nucleation site of the phase. Meanwhile, the matrix are also merged. The phase then formed by diffusion of elements in the coarsening 0 particles.
Orientation relationship
All of the phase was observed to be parallel or perpendicular to each other in the cross section shown in Fig. 9 . An angle about 60 to each other was observed in the tilted section (Fig. 10) . It is therefore believed that the phase precipitates in favorable orientation.
The phase has a hexagonal structure, while the 0 phase has a L1 2 crystal structure with a cubic lattice. As one can see in Fig. 11 , {0001} of the phase and {111} of the 0 phase are both hexagonal close-packed. Coherent boundary can be easily formed in their hexagonal close-packed faces. In view of the difference of their lattice parameters and atomic radii, semicoherent interface becomes energetically more favorable, in which the disregistry is periodically taken up by misfit dislocation. Atoms of tungsten, molybdenum and chromium in the 0 phase diffused together to form phase around fine M 6 C particles. These atoms may arrange a new crystal structure. During this course, the free energy change can be expressed as ÁG ¼ ÀVÁG v þ A þ VÁG s , where ÁG v is the change of volume energy, is surface energy, and ÁG s is the change of strain energy due to the formation of new precipitate. In present case, if the new phase precipitates semicoherently with the basal plane, it needs the lowest surface energy (). Consequently, growth is easy when the phase precipitates from the coherent face. Therefore, the semicoherent boundary will be formed between the phase and the 0 phase in their close-packed faces, which leads to orientation relationship as f111g 0 k f0001g and h " 1 110i 0 k h11 " 2 20i . The phase precipitates with orientation relationship as f111g 0 k f0001g . Other three {111} planes intersect with (111) plane showing dash dot lines in Fig. 7. Z axis, i.e. [001] Atoms of (111) face
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[110] direction, is 35 tilted from (111) plane. Therefore, the oblique section of the specimens was observed as Fig. 8 and Fig. 10 .
The phase grows directly through the 0 phase and the matrix. Fortunately, the 0 phase precipitated coherently with {001} of the matrix, and the matrix is fcc structure. Thus, the phase can retain coherent relation with both the 0 phase and the matrix when it passes through the 0 = interface.
As the phase has a hexagonal structure, {0001} face has the lowest surface energy when acting as the basal plane. Two-dimensional nucleation and growth occur only on the edges but not on the basal planes. It comes out that the phase shows platelet-like morphology.
Effect of the phase on oxidation behavior
The data of the experimental alloy in Fig. 12 illustrated the isothermal oxidation kinetics at 1050 C for 100 hours. At the initial oxidation stage, the oxidation kinetics approximately followed a parabolic oxidation law. The breakaway oxidation took place after 20 hours. It then followed a linear oxidation law.
The phase has an remarkable detrimental effect on the isothermal oxidation behavior of the present alloy. There are several possible mechanisms. Firstly, these phase particles became selectively oxidized due to the high concentration of tungsten and molybdenum; 7, 26) Secondly, the internal stress during the precipitation of phase was generated, which might increase the breakaway of oxide scale; Thirdly, defects might be introduced in the interface when phase precipitated. The interface could act as the fast pathways for oxygen diffusion, which might accelerate the oxidation rate of alloys at high temperature.
Conclusion
The phase precipitates at interdendritic area due to microsegregation of carbon, tungsten and molybdenum in the present experimental alloy aged at 900 C for 500 hours. M 6 C may also grow when there exists enough carbon. If there is no carbon or it is difficult for carbon to diffuse for such a long distance, the phase grows with M 6 C in a co-growth mode. Fault was observed on the surface of the phase, which may be induced by phase transformation stress. In addition, the phase was found to be precipitated mainly from 0 phase instead of matrix with an orientation relationship of ð111Þ 0 k ð0001Þ and h " 1 110i 0 k h11 " 2 20i . Significant detrimental effect on oxidation resistance of phase was also observed. 
